The response of the CMS barrel calorimeter (electromagnetic plus hadronic) to hadrons, electrons and muons over a wide momentum range from 2 to 350 GeV/c has been measured. To our knowledge, this is the widest range of momenta in which any calorimeter system has been studied. These tests, carried out at the H2 beam-line at CERN, provide a wealth of information, especially at low energies. The analysis of the differences in calorimeter response to charged pions, kaons, protons and antiprotons and a detailed discussion of the underlying phenomena are presented. We also show techniques that apply corrections to the signals from the considerably different electromagnetic (EB) and hadronic (HB) barrel calorimeters in reconstructing the energies of hadrons. Above 5 GeV/c, these corrections improve the energy resolution of the combined system where the stochastic term equals 84.7±1.6% and the constant term is 7.4±0.8%. The corrected mean response remains constant within 1.3% rms. Abstract. The response of the CMS barrel calorimeter (electromagnetic plus hadronic) to hadrons, electrons and muons over a wide momentum range from 2 to 350 GeV/c has been measured. To our knowledge, this is the widest range of momenta in which any calorimeter system has been studied. These tests, carried out at the H2 beam-line at CERN, provide a wealth of information, especially at low energies. The analysis of the differences in calorimeter response to charged pions, kaons, protons and antiprotons and a detailed discussion of the underlying phenomena are presented. We also show techniques that apply corrections to the signals from the considerably different electromagnetic (EB) and hadronic (HB) barrel calorimeters in reconstructing the energies of hadrons. Above 5 GeV/c, these corrections improve the energy resolution of the combined system where the stochastic term equals 84.7± 1.6% and the constant term is 7.4± 0.8%. The corrected mean response remains constant within 1.3% rms.
Introduction
The CMS calorimeters have distinct hadronic (HCAL) and electromagnetic (ECAL) systems. The central HCAL is made of brass and scintillators [1] while the ECAL comprises lead tungstate crystals (PbWO 4 ) [2] . The calorimeters are divided into the barrel (HB and EB) and the end-cap (HE, EE and pre-shower, ES) sections inside a cryostat of 5.9 m inner diameter, containing a superconducting solenoidal coil providing a 4-T magnetic field. The HB design maximizes the number of interaction lengths (λ I ) inside the cryostat and is limited to 5.8λ I at η = 0. The EB adds 1.1 λ I and the material between EB and HB adds another 0.1 λ I . The outer hadron calorimeter (HO) was constructed to sample the energy leakage outside of the cryostat [3] . There are also two forward calorimeters (HF) made of iron and quartz fibers [4] . Figure 1 shows a schematic of the calorimeters inside and around the magnet.
This paper reports on the barrel calorimeter (HB, HO and EB) responses to beam particles. The measurements were performed with production modules and front-end electronics as in the final CMS detector configuration. A special beam line was constructed to measure the calorimeter response down to 2 GeV/c. This was necessary since a large fraction of the particles reaching the CMS calorimeters in the LHC will have energies below 20 GeV.
HCAL Barrel (HB) Calorimeter
The HB and HO are designed to measure the timing, angular direction and energy of hadronic showers. These quantities are needed for the calorimetric triggers and online reconstruction of jets and missing transverse energy. The cylindrically symmetric HB surrounds the EB. It consists of alternating layers of brass and plastic scintillator tiles (3.7 mm SCSN81 from Kuraray except the innermost layer 1.0 cm BC408 from Bicron). The HB design necessarily requires minimizing the amount of space devoted to the active medium. The scintillator tiles are read out with embedded wavelength shifting (WLS) fibers. Brass was chosen as the absorber material because it is non-magnetic and cost is affordable. This design makes construction relatively simple, lends itself to projective tower geometry, and eliminates uninstrumented gaps. The brass type is C26000 (cartridge brass) and is composed of 70% Cu and 30% Zn. The brass density is 8.83 g/cm 3 with interaction length λ I = 16.4 cm and radiation length X 0 = 1.5 cm.
The HB covers the pseudorapidity range |η| < 1.3 and consists of 36 identical azimuthal wedges (∆φ = 20
• ) which form two half-barrels (HB+ and HB-). Each halfbarrel is inserted from either end of the cryostat and positioned around the central axis of the CMS magnet. Each wedge is further segmented into four azimuthal (∆φ = 5
• ) sectors. The plates are bolted together in a staggered geometry resulting in a configuration that contains no projective passive material for the full radial extent of a wedge. The innermost and outermost plates are made of stainless steel to provide structural strength. The scintillator is divided into 16 η sectors, resulting in a tower segmentation of (∆η, ∆φ) = (0.087, 0.087). Each wedge contains 72 channels of front-end electronics mounted on the detector periphery near |η| ≈ 1.3. These circuits are housed in an enclosure referred to as a readout box (RBX). Each of these RBXs is further divided into four readout modules (RM). A single RM contains a 19-channel hybrid photodiode (HPD) that registers signals from 16 η towers of a single φ sector.
The HPD is a planar structure consisting of a photocathode and a silicon diode separated by 3.5 mm of vacuum. Photoelectrons are accelerated by a ∼8-kV potential and strike the diode causing ionization which results in a gain of 1,600. The diode consists of 19 electrically independent readouts. The HPD signals are fed into three 6-channel readout cards located inside the RM, based on a custom ASIC which performs charge integration and encoding (QIE). The rms noise per tower is about 200 MeV. For the HB, six time samples (6 × 25 ns) from 3 × 3 HB towers were used for energy reconstruction. The signal is about 75 ns wide with a small tail extending another 50 ns. The zero input response of the QIE (pedestals) are measured and subtracted for each run.
The QIE is a non-linear multi-range ADC designed to provide approximately constant fractional precision over a wide dynamic range. This is accomplished with a floatingpoint analog-to-digital conversion in which the bin width in each of four ranges is increased in proportion to the input amplitude. In addition, the QIE has four time interleaved stages. The output of the QIE contains 2 bits of range (exponent) and 5 bits of mantissa. Details of the HB geometry, construction and electronics are reported elsewhere [5] [6] [7] [8] .
The design of the outer calorimeter (HO) scintillating tiles is similar to that of the HB. The scintillator plates are 1 cm thick BC408. The HO counters are grouped in six segments and the transverse segmentation is identical to that of the HB. Two layers of scintillating tiles are inserted in the central muon system while the other two rings have one layer of scintillating tiles (see Figure 1) . The readout and the electronics for HO are the same as in the HB system.
ECAL Barrel (EB) Calorimeter
The electromagnetic calorimeter used for these measurements consisted of a complete production EB Supermodule (SM) of width ∆φ = 20
• containing 1,700 crystals. The EB crystals are slightly tapered with front-face dimensions of 2.2 × 2.2 cm 2 and a crystal length of 23 cm or 25.8X 0 (see Section 4.3 for discussion on the interaction length). In order to avoid cracks in the barrel, the axes of the crystals are tilted by 3
• in both polar and azimuthal angle with respect to the direction of particle tracks originating from the interaction point. The EB covers a range |η| < 1.48 and consists of 36 SMs containing 61,200 crystals. 6 The light emitted in the crystals is converted to an electrical signal using avalanche photodiodes (APD). Two APDs (Hamamatsu S8148) are glued to the back of each crystal. The rms electronics noise per crystal was found to be about 45 MeV. A minimum ionizing particle deposits about 250 MeV over the full length of the crystal [9, 10] .
The EB signal from the APD is amplified and shaped before being digitized by the ADC clocked at 40 MHz. The energy in the EB is computed as a weighted sum of several time samples of the waveform. The choice of weights and the number of samples are dictated by the desire to minimize the noise which is measured with no input signal (pedestal). In the test beam environment, the phase with respect to the 40 MHz clock is random. Even though the signal is about 200 ns wide, only six time samples (6 × 25 ns) from 7×7 crystals were used for energy reconstruction with pedestal subtraction. 
Test Beam Setup
The data were recorded during 2006 at the CERN H2 test beam. Figure 2 shows a photograph of the moving platform that held two production HB wedges plus a production EB SM which was placed in front of the HB, and the HO behind the HB. The HE module seen on the platform was not used in this test. The placement of the components is in the same geometric relationship as in the CMS experiment. The two-dimensional movement of the platform in the φ and η directions allowed the beam to be directed onto any tower of the calorimeter mimicking a particle trajectory from the interaction point of the CMS experiment. Four scintillation counters were located three meters upstream of the calorimeters and a coincidence between a subset of the counters was used as the trigger.
Temperature stability is critical for the ECAL as both the response of the crystals and the APDs change with temperature. The temperature was stabilized by enclosing the EB SM (except in the beam direction) in 5 cm aluminum plates with cooling water pipes embedded in the plates. The entire SM was wrapped with a thermal blanket and the temperature was stabilized at 21
• C within ±0.05
• C.
H2 Beam Line and Particle Identification
Because a tertiary beam was required to study low momentum (< 10 GeV/c) particles, considerable effort was made to clean up the beams and perform particle identification. Figure 3 schematically depicts the CERN H2 beam line. The beam line is designed to operate in two distinct modes. In the high energy mode, various particles are produced when 450 GeV/c protons from the Super Proton Synchrotron (SPS) strike a production target (T2) 590.9 m upstream of the calorimeters, and particle momenta range between 15 GeV/c and 350 GeV/c. In the very low energy (VLE) mode, an additional target (T22) located 97.0 m upstream of the calorimeter is used for particle production and the momenta of particles are limited to ≤ 9 GeV/c. As shown in Figure 3 , a dog-leg configuration is utilized for the momentum selection of these low momentum particles. In the high energy mode, the T22 target and the VLE beam dump were removed from the beam line. The maximum usable beam momentum was 100 GeV/c for electrons and 350 GeV/c for hadrons. In the VLE mode, two Cherenkov counters (CK2 and CK3), two time-of-flight counters (TOF1 and TOF2) and muon counters (Muon Veto Wall (MVW) of 100 × 240 cm 2 , Muon Veto Front (MVF) of 80 × 80 cm 2 and Muon Veto Back (MVB) of 80 × 80 cm 2 ) were used to positively tag electrons, pions, kaons, protons, antiprotons and muons. CK2 is a 1.85-m long Cherenkov counter filled with CO 2 and was used to identify electrons in the VLE mode. At 0.35 bar, no other charged particles gave a signal and the counter was better than 99% efficient in identifying electrons. It produces 6 photoelectrons (pe) for particle passage with β = 1. CK3 is also 1.85-m long and was filled with Freon134a [11] . The pressure in CK3 was set depending on the desired discrimination between electrons, pions, and kaons. For example, at lower beam momenta, (P b ≤ 3 GeV/c), it was set to tag electrons at 0.88 bar yielding 19 pe for β = 1. At higher momenta (P b > 4 GeV/c), CK3 was usually run at 1.2 bar in order to separate pions from kaons and protons where a β = 1 particle yielded 25.5 pe.
Time-of-flight counters (TOF1 and TOF2) were separated by ∼55 m. Each scintillator plate was 10×10 cm 2 in area and 2-cm thick. Two trapezoidal air-core light guides on either side of the plate funneled the scintillation light to two fast photomultiplier tubes (Hamamatsu R5900). The analog pulses were discriminated by constant fraction discriminators. The time resolution obtained by this system was ∼300 ps. Protons were well-separated from pions (and kaons) up to 7 GeV/c with this time-of-flight system alone. Pions and kaons have ±1σ TOF overlap at momenta of 5.6 GeV/c, while kaons and protons overlap at 9.5 GeV/c. Figures 4 and 5 display the identified particles in 3 and 8 GeV/c negative hadron beams. Energetic muons were tagged with MVF and MVB counters as well as the MVW counters. MVF and MVB were large (80 × 80 cm
2 ) scintillation counters and were placed well behind the calorimeters. In order to absorb the soft muon component in the beam line, an 80-cm thick iron block was inserted in front of MVB. When tested with a pure muon beam at 225 GeV/c, the efficiency of muon rejection was found to be better than 99%. MVW consisted of 8 individual scintillation counters, each measuring 80 × 100 cm 2 , placed closely behind the HB. These counters were positioned horizontally with a 2-cm overlap between them, hence covering a region of 226 cm in the vertical and 100 cm in the horizontal directions. In addition to tagging low momentum (2-5 GeV/c) beam muons, MVW was also used to study the details of late developing hadronic showers. In addition to the aforementioned particle ID detectors, six delay-line chambers (WC1 through WC3 and WCA through WCC upstream of the EB+HB ), four scintillation counters (S1 through S4) for triggering and four scintillation beam halo counters (BH1 through BH4) were used in the experiment. The spatial resolution afforded by the delay-line chambers was ∼350 µm in both the x-and y-coordinates. The beam trigger typically consisted of the coincidence S1·S2·S4 which defined a 4×4 cm 2 area on the front face of the calorimeter. The S4 counter pulse height was used to eliminate multi-particle events off-line since it gave a clean pulse height distribution for single and multiple particles in the beam (see Figure 6 ). BH counters, each measuring 30 × 100 cm 2 in size, were arranged such that the beam passed through a 7×7 cm 2 opening. These counters were positioned 17 cm downstream of the last trigger scintillator S4 and were effective in vetoing the beam halo and large-angle particles that originated from interactions in the beam line.
Beam Composition
In the high energy mode of the beam line, data were generally taken with negative beams. In this mode, there was no anti-proton contamination. If the beam line was configured for positive particles, at very high momenta, e.g. 350 GeV/c, the beam consisted almost purely of protons. At 20 and 30 GeV/c, the proton identification in the π + beam was readily possible when CK3 was pressurized to 1.7 bar of CO 2 .
The particle content depends on the momentum. At the higher end, pions dominate. At lower momenta, the beam consisted mostly of electrons. The beam consisted of 31% pions, 0.4% kaons, and 5.6% protons at +4 GeV/c, and the remaining particles were positrons. At +8 GeV/c, the beam contained 72% pions, 2% kaons and 7% protons, and the remaining fraction consisted of positrons. In the negatively charged beam, the particle mixture was approximately the same but the antiproton fraction was much reduced compared to that of the proton in the positive beam.
The beam content of the very low energy (VLE) beam is shown in Table 1 . The average uncertainty on the beam fractions was 0.7% for π − and electrons, and 0.4% for π + and positrons below 9 GeV/c. At 9 GeV/c, these uncertainties were 7.2% and 5.2%, respectively. At beam momentum 4 GeV/c and lower, the electrons were double tagged by CK2 and CK3 with extremely high efficiency. Above 4 GeV/c, CK3 was used to separate pions from kaons and protons. In order to enrich the hadron content of beam triggers at low momenta, a S1·S2·S4·MVF trigger was employed. The uncertainty in pion vs electron identification in general does not exceed 0.5% in the VLE mode. This uncertainty is larger and estimated to be 1.8% and 6% using the information from the calorimeter and Chenerkov counters at 3 and 8 GeV/c. Table 1 . The first and second numbers in each column is the fraction of the negative and positive charged particles respectively in the VLE mode. 
Calibration of Calorimeters
Both the EB and HB calibrations were carried out with 50 GeV/c electrons. The HB calibration was performed before the EB SM was mounted in front of the HB. The electron beam was directed at the center of each tower. Similarly, the EB calibration data were collected by pointing the beam to a selected set of crystals that formed a tight grid pattern. The rms value of the linearity between 2 and 9 GeV/c is 0.5% and less than 1% for higher energies. The reconstructed energy was determined to be the sum of energies recorded by the EB and HB. We refer to it as the raw energy throughout this paper. For the EB, the signals from 7 × 7 crystals, and for the HB the signals from 3×3 towers were summed. For pion showers the 7×7 crystals contained over 99% of the energy, and the 3 × 3 HB towers contained over 98% of the energy. In the case of the HO, the total energy was estimated by adding signals from 3 × 2 towers. In each case the energy is sampled over 6 time slices (6 × 25 ns) and pedestals subtracted.
The response of each HB scintillator tile of each layer was also measured by using a 5-mCi Co 60 moving wire radioactive source [12] . The signal from a tower was calculated by taking the average of all measurements from the scintillator layers and weighting these averages by the shower profile. During the construction phase, every scintillator tile was tested with a radioactive wire source. This procedure makes it possible to transfer the beam calibration constants for each tower that were not placed in the test beam. The precision of tower-to-tower calibration was measured to be 2% as derived by comparing the consistency of the relative source and the beam data measurements. Figure 7 shows the beam calibration constants in GeV/fC for four φ segments as a function of η tower numbers. The combined effect of the light attenuation in the optical fibers, loss in fiber connectors and the HPD gain differences are evident in the figure. The drop of the gain with increasing η is due to the longer length of the optical fiber. The η towers in a single φ segment are measured by a single HPD which has the same gain for each pixel. At higher beam momenta (≥ 50 GeV/c) the longitudinal energy leakage behind the EB+HB is noticeable. To measure this leakage, the HO sampling layers were constructed and inserted in the barrel muon system to reduce these fluctuations. The HO layers (see Figure 1) are placed behind the CMS solenoid cryostat. The HO system is divided into six sections that follow the division of the barrel muon system. Ring 0 (+ and −) are in the central muon system and are composed of two layers of scintillators one immediately outside of the magnet cryostat and the other layer after a 15-cm thick iron layer. Ring 0 in the muon barrel system YB0 (the central part of CMS) covers the |η| range of 0 to 0.35. Rings +1, −1, +2 and −2 are single layer scintillators inserted in the muon barrel systems YB1 and YB2 on both positive and negative sides of CMS immediately inside the first muon iron layer covering the |η| range of 0.35 to 1.2. In the test beam setup, the HO was placed behind the HB covering 30
• in φ and the full η range. To mimic the magnet solenoid system, an aluminum block was inserted between the HB and HO. Also inserted was a 15 cm thick iron block between scintillator layers 1 and 2 of Ring 0 similar to the CMS detector to contain the showers. Both the aluminum and iron blocks had the same geometrical size and placement as in CMS. The HO modules were first calibrated by 150 GeV/c µ − beam. A clear µ peak beyond pedestal was observed in Ring 0 and Ring 2. In Ring 1 the µ peak was measurable but not as cleanly separated. Next, the HO energy scale was determined by 300 GeV/c π − beam impinging on η tower 4 of the HB. For this measurement, it was also required that the energy in the EB be less than 1.2 GeV to constrain the energy sharing between the HB and HO only. The energy scale was determined by requiring the best energy resolution in HB+HO, as measured by rms width, for the 300 GeV/c π − beam.
HO Scale Parameter Figure 10 shows the combined response of the EB+HB calorimeter to a variety of particles in a wide range of momenta. We define the particle response as the average calorimeter signal per unit energy, normalized to unity for electrons. Neither noise suppression nor Gaussian fitting is used in the particle response determination. At 5 GeV/c, for example, the antiproton response is ∼70% of the electron response. The responses to charged pions and protons are 62% and 47% of the electron response at the same energy, respectively. At a given momentum, the available energy that is converted to a calorimeter signal varies by particle type. The available energy for protons is their kinetic energy. For antiprotons, the available energy equals the kinetic energy plus twice the rest mass of the proton. For pions and kaons, the available energy is Fig. 9 . The histograms are for the HB alone (blue), and for the HB+HO (red) with the optimal scale factor for the HO. The signal distributions are scaled such that 300 GeV/c is unity. their kinetic energy plus their mass. In Figure 11 , the same data are plotted against the available energy, i.e. energy that contributes to the generation of an observable signal. One expects roughly the same response characteristics for all hadrons, as observed in the data, but there are subtle differences which we discuss next. 
Combined Calorimeter (EB+HB) Response
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The response to π + below 5 GeV/c is larger than the π − response, increasing as the energy decreases. One possible 11 E rec /E available E available (GeV) Fig. 11 . The data are the same as in Figure 10 but the calorimeter response is plotted against the available energy.
interpretation of this fact is due to the characteristics of the charge exchange reactions, π + + n → π 0 + p (I) and π − + p → π 0 + n (II). π 0 develops electromagnetic showers which give about 20% more signal compared to hadrons. The π 0 production is deduced to be 10% higher at 2 GeV/c for π + beam compared to π − beam and by 5 GeV/c the π 0 is about 5% lower [13] . Since the target material (PbWO 4 ) consists of about 42% more neutrons than protons, the relative effect of reaction (I) is larger than that of reaction (II). Figure 12 shows this effect to be about 10% at 2 GeV/c.
(π/p) Response Ratio
The response to protons is systematically lower than that of negative or positive pions. The most likely interpretation of this effect, also observed at high energy, is a result of the fact that π 0 production is, on average, smaller in proton induced showers. This is a consequence of baryon number conservation, which favors the production of leading baryons, while pion induced reactions may have leading π 0 s. This effect was clearly observed in the HF calorimeter [14] , where it caused a response difference in excess of 10%. Since the e/h values of the EB+HB are smaller than for the HF [15] , the effects are correspondingly smaller but nevertheless significant.
(π/p) Response Ratio in EB
Since the inelastic cross sections for protons is larger than for pions, a larger fraction of the baryons start showering in the EB. This is illustrated in Figure 13 , which shows that 41% of the pions penetrate the EB without starting a shower, versus 35% for protons. The effective thickness of the EB is thus 1.05λ I for protons and 0.89λ I for pions. Figure 14 shows the EB energy spectra for 300 GeV/c negative pions and 350 GeV/c protons. At 350 GeV/c the positive beam is exclusively protons. The highest momentum for negative beam with sufficient intensity is about 300 GeV/c. The ratio of non-interacting particles (proton/pion) in EB is ∼1.2 consistent with the ratio of λ I . In addition for pions that interact in EB the energy in EB is larger due to the greater fraction of π 0 production versus that of protons. 
Comparison of π, p andp Response
The fraction of the beam energy deposited in the EB decreases from ∼60% at 2 GeV/c to ∼25% at 300 GeV/c. At the same incident momentum, protons deposit on average less energy than pions in the EB, while antiprotons deposit more than pions. Antiprotons start their showers, on average, earlier than pions and therefore a larger fraction of the energy ends up in the EB. At first sight, one would expect the same for proton induced showers. However, when a proton interacts in the EB, the interactions have limited energy transfered to secondary π 0 s because the final state should contain two baryons. This effect suppresses the proton signal in the EB, despite the fact that protons are more likely to start their showers in the EB compared to pions. The requirements of baryon number conservation do not limit π 0 production for antiproton induced showers. In first approximation, there is no difference with pion induced showers. Therefore, the EB/HB energy sharing properly reflects the difference in interaction length in this case.
The effects mentioned above also explain why the antiproton response is systematically smaller that the pion response ( Figure 10 ). Antiprotons are more likely to start showering in the EB compared to the pions. Pions deposit, on average a larger fraction of their energy in the HB. And since the e/h value of the HB is smaller than for the EB, the pions benefit more from the increased response to the non-electronmagnetic shower components. Figure 15 shows the response of 150 GeV/c muons in the HB using 3 × 3 HB tower structure. Even though 9 towers were read, only the central tower has a signal above pedestal. Since the noise in a single tower of the HB is equivalent to ∼0.2 GeV, this calorimeter system is superb in identifying single isolated muons. The HB trigger electronics is also designed to generate an isolated muon signal (bit) based on this capability. Muons can also be used as a relative calibration of every tower. Using the 50 GeV/c electron calibration, the mean energy deposited by a 150 GeV/c muon is 2.4 ± 0.1 GeV. If the pion calibration correction is applied, the mean energy deposited is at 2.8 ± 0.2 GeV. 
µ Response
Optimization of Energy Reconstruction
The total energy in the CMS central calorimeter system is the sum of signals from the EB, HB and HO. The e/h values are very different for the EB and the HB, and thus corrections have to be applied to obtain the true particle energy from the combined system. Figure 16 displays the measured energy correlations in the EB vs HB towers for a number of pion beams. In a compensating calorimeter (e/h = 1), the events would lay about the solid lines as indicated in Figure 16 . This is not the case for the EB+HB system, and thus we perform optimization of the energy response in three steps using the cluster energies from 7×7 EB crystals, 3×3 HB and 3× 2 HO towers. We consider energies at least 3σ away from the noise level (0.8, 1.0 and 2.0 GeV for the EB, HB and HO clusters, respectively). In this section, the measured energy always refers to the cluster energy unless specified otherwise. The first correction is carried out for the HB energy response using minimally ionizing events in the EB. The next step utilizes the corrected energies in the HB and the beam constraint to correct the energy measured by the EB. It is important to note that the usage of the known beam momentum at this point is only to determine the parametrization. Finally, using the corrected EB and HB energies from the above steps, the nonlinear response of the combined EB+HB system as a function of the EB energy fraction is corrected using a third order polynomial. The first task is to parametrize the π/e ratio for the HB and we use events that deposit minimum ionizing en- ergy in the EB (E EB < 1.2 GeV). Figure 17 displays the mean of π/e as a function of the measured energy in the HB. The plot (in semi-log) shows two lines with a break point at about 8 GeV. Above ∼ 8 GeV, the mean of π/e can be expressed, for example, by a fit using Wigmans' parametrization [15] [16] [17] with e/h = 1.4 ± 0.1,
Below ∼8 GeV, π/e is represented by the following logarithmic function < (π/e) HB >= 0.179±0.005 log(E HB )+0.413±0.005. (2) Another approach is due to Groom [18] : π/e = 1 − (1 − h/e)(E/E 0 ) m−1 where E 0 is about 1 GeV and m ranges from 0.80 to 0.85. A fit to the data above 20 GeV without fixing E 0 and m gives the following results: e/h = 1.5, E 0 = 2.5 GeV and m = 0.77. Neither Wigmans nor Groom parametrization works well for the entire energy range from 2 to 300 GeV. The next step is to correct the energy deposited in the EB using the event-by-event corrected energy values in the HB using Equations 1 and 2. The EB energy is simply the beam energy minus the corrected energy in the HB. The ratio of the computed EB energy divided by the measured energy is π/e (see Equation 3 ). Since for a particular beam momentum the energy deposited in the EB varies from minimum ionizing to full beam energy, to determine the correction parameters, only the events that deposit significant amount of energy in the HB are selected: 0.2P b ≤ E EB ≤ 0.8P b , for beam momenta between 4 and 300 GeV/c. For each beam momentum, the average EB energy is computed by using the following formula:
where E * HB is the event-by-event corrected HB energy, E HB /(π/e) HB . In Figure 18 the mean π/e for EB is plotted vs the logarithm of the observed mean EB energy. The Fig . 19 . The π/e corrected response ratio for 100 GeV/c pions of the combined system as a function of the EB fraction. The Z value is defined as EEB/(EEB + EHB), ratio of raw energy deposit in the EB with respect to the total in the calorimeter. The smooth curve is a third order polynomial fit to the data (see Eq. 5).
line is fitted to the data with a function of the form
The best fit parameters are a E = 0.057 ± 0.006 and b E = 0.49 ± 0.04. After correcting the EB energies event-by-event using the above function, E * EB = E EB /(π/e) EB , we find that the π/e correction overestimates the total EB+HB energy values for events with large EB energy fractions, Z ≡ E EB /(E EB + E HB ) > 70% (see Figure 19 ). This is expected since these events correspond to the cases when a hadronic shower in the EB fluctuates largely to neutral particles. The final step in the correction parametrization is to linearize the total response of the EB+HB system by fitting the non-linear response to the correction function shown in Figure 19 . This set of corrections has been determined to be insensitive to the beam momentum and 100 GeV/c data is a good representation for all other beam momentum data.
The total response of the EB+HB system can be optimized by applying Equations 1, 2, 4, and 5 event-by-event. These event-by-event corrected EB vs HB energy values are shown in Figure 20 for two different beam momenta (20 and 100 GeV/c).
The improvement in the nonlinear behavior and the response with respect to the distributions in Figure 16 is clearly visible in this figure. Figure 21 shows the signal distributions at four beam momenta before and after the corrections. Corrections bring the mean of these distributions to the corresponding beam momentum value. In order to calculate the energy resolution of the combined EB+HB system, the mean and rms values were computed for each momentum. For data of 5 GeV/c and above, a Gaussian fit was also performed for the raw and the corrected data. Below 5 GeV/c, the signal distributions deviate from Gaussian distribution substantially and were not included in the energy resolution determination. Moreover, the correction method did not help improving the response and resolution for 2 and 3 GeV/c data. Figure 22 .c display the energy resolution of the combined system when the raw data are fit with a Gaussian distribution at each energy from 5 to 300 GeV/c. This procedure results in a = 110.7 ± 3.1% and b = 7.3 ± 1.7%. The corrections further improve the energy resolution as indicated by the solid red squares in Figure 22 .c (a = 84.7±1.6% and b = 7.4±0.8%). The corrected mean response remains constant within 1.3% rms as depicted in Figure 22 .d.
The method described in this section was developed for improving the total response of the isolated charged hadron clusters in the EB+HB. The application of the method (i.e., Equations 1, 2, 4, and 5) requires only the measured cluster energy values in the EB and HB for each event. The method could be further improved by taking into account the transverse energy distribution information in the EB and HB.
Summary and Conclusions
The CMS barrel calorimeter has been exposed to particle beams with momenta from 2 to 350 GeV/c. The beam line instrumentation included Cherenkov, time-of-flight, and veto counters, as well as wire chambers. The particle identification was sufficient to separate electrons, muons, pions, kaons and protons of both charges over a substantial energy range. At the higher energies, the CMS outer hadron calorimeter, the HO, was employed to reduce the fluctuations in longitudinal energy leakage.
The response to different hadrons is examined and interesting regularities have emerged. The ratio of negative charged to positive charged pion response, the ratio of negative pion to proton response and the ratio of pions to antiprotons are explored.
Finally, the linearity and energy resolution for negative pions are optimized. The CMS calorimetry is noncompensating and the EB and HB segments are of disparate materials. Thus, the raw response and the energy resolution need to be corrected. In particular, the present data set explores the low energy (below 10 GeV) response where previously used parametrizations no longer fit the data well. Since this is precisely the relevant energy regime for much of the particles in jets, it is important to understand and develop correction strategies.
The π/e ratio of both the EB and HB is fit over 5−300 GeV/c range. The corrected data are linear within 1.3% (rms) above 5 GeV/c, and the stochastic and the constant energy resolution terms are 84.7±1.6% and 7.4±0.8%, respectively. The calorimeter remains noncompensating, so that a substantial deviation from E −1/2 scaling is unavoidable. The applied corrections for pions restore linearity and improve energy resolution. The correction method outlined in this paper is for isolated single particles. The data from these tests however can be applied to jets with the aid of Monte Carlo techniques where the jet response is reconstructed from known individual particles.
